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Abstract 
 
The Parkfield section of the San Andreas fault is a well-instrumented natural laboratory that displays the 
full range of slip behaviors: relatively large, quasi-periodic Mw 6 events, small repeating earthquakes, 
seismic tremors, and creeping regions. The uniqueness of this area has been exploited in a number of 
studies, including the San Andreas Fault Observatory at Depth (SAFOD) drilling project. Small repeating 
earthquakes are used to address an increasingly richer array of problems, from fault creeping velocities 
and postseismic slip to earthquake interaction and stress drops. 
 Our previous studies supported by USGS have resulted in fault models capable of reproducing a 
number of observations at Parkfield, such as scaling of small repeating earthquakes, their response to 
postseismic slip, and quasi-periodic recurrence of Mw 6 events and the associated post- and interseismic 
slip. Our models resulted in estimates of fault zone properties consistent with the observed behaviors. We 
have also explained the difference in the microseismicity patterns on the Parkfield segment and nearby 
segments by the deeper propagation of large earthquakes in the latter case due to enhanced dynamic 
weakening. Our studies show that the crucial aspect in these phenomena is the interaction of seismic and 
aseismic slip. To model such interaction while producing realistic behavior that can be compared to 
observations, one needs to use the modeling approach that fully reproduces the inertial, stress-
concentrating effects during seismic events, while seamlessly resolving the transition between seismic 
and aseismic slip, as our modeling methodology is capable of doing.  
 With this award, we continued to use our models together with Parkfield observations to further 
constrain fault properties and earthquake physics by investigating the following two topics: (1) Fault 
properties in the creeping segment needed to match the irregularity of repeating earthquake sequences and 
(2) the possibility of dynamic rupture propagating through the creeping segment, due to enhanced 
dynamic weakening in the form of shear-heating-induced thermal pressurization of pore fluids.  
 Observations indicate that the seismic moment, recurrence times, and interaction of repeating 
sequences is Parkfield are irregular. We have focused our research on the reproducing the variability of 
the well-studied LA and SF repeaters. We find that models with fractal shapes of VW patches produce 
repeating sequences with more variability than the often-used models with circular patches, resulting in 
variability comparable to that of the SF-LA sequences. We also find that the variability in models with 
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simple, circular patches depends on the properties of the surrounding VS region, with smaller values of 
velocity-strengthening leading to more variable behavior that is also comparable to that of the SF-LA 
sequences. The two findings combined suggest that there could be many model setups that reproduce the 
observed variability. Note that other properties are likely to be heterogeneous as well.  One potential way 
forward is to develop a suite of models with different types of heterogeneity that can reproduce the 
available observations and then study whether there are other observables that would be able to 
distinguish between the possible models. We used the developed heterogeneous models with the fractal 
shapes of the VW regions to study the effect of small-scale heterogeneity and find that only heterogeneity 
smaller than the governing length scale, which is the nucleation size in our models, does not affect the key 
features of the response, such as variability or range of triggering times. We plan to investigate this 
conclusion through further modeling. 
 Our modeling also focused on identifying the range of physical properties of the creeping segment for 
which large enough dynamic rupture approaching from the Carrizo segment would penetrate into or even 
propagate through the creeping segment. Using a simplified 2D model, we find that there is a range of 
dynamic weakening parameters for which Mw 6 events arrest in the creeping section, but larger, Mw 7.2 
style events are able to propagate partially or completely through. Such ruptures would allow for the 
linking of the northern and southern parts of the San Andreas, allowing for much larger earthquakes.  The 
identified sets of properties will serve as starting points for more sophisticated future studies in 3D 
models.  
 Our studies have advanced our understanding of fault slip, earthquake nucleation, and triggering and 
of the relevant properties of parts of the SAF. They will eventually contribute to the evaluation of seismic 
hazard in California. The research is well aligned with the USGS Priority Topics in Research on 
Earthquake Physics. 
 
1.  Models of fault slip with rate-and-state friction and dynamic weakening 
 
Our previous studies supported by USGS have resulted in fault models capable of reproducing a number 
of observations at and around Parkfield, such as scaling of small repeating earthquakes, their response to 
postseismic slip, relatively large stress drops and interaction of the LA and SF repeaters, quasi-periodic 
recurrence of the Mw 6 events and the associated post- and interseismic slip (Chen and Lapusta, 2009; 
Chen et al., 2010; Barbot et al., 2012; Lui and Lapusta, 2016, 2018). The models and their extensions 
have been used to explore the potential for and consequences of deeper penetration of earthquake rupture 
into creeping fault extensions and the potential for dynamic rupture to propagate through creeping 
segments (Noda and Lapusta, 2013; Jiang and Lapusta, 2016, 2017).  
 Our models include two aspects of earthquake source physics that have been gaining acceptance and 
validation through laboratory experiments and comparison of earthquake models with observations.  
 The first one is the rate-and-state nature of fault friction at low, aseismic slip rates, conclusively 
documented in laboratory experiments and used to reproduce, both qualitatively and quantitatively, a 
number of earthquake-source observations (Dieterich, 2007; Scholz, 1998). Our previous studies 
supported by USGS have shown that the standard logarithmic rate and state formulations (Dieterich, 
1979, 1981; Ruina, 1983; Blanpied et al., 1991, 1995; Beeler et al., 1994; Marone, 1998) allow us to 
match a number of basic observations regarding repeating earthquakes in the creeping section and quasi-
periodic Mw 6 events (Chen and Lapusta, 2009; Chen et al., 2010; Barbot et al., 2012). Such laws express 
the dependence of frictional shear strength  on the effective normal stress , slip rate V (which we 
also call slip velocity), and evolving properties (state) of the contact population represented by the state 
variable , through: 
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where  is the normal traction, p is the pore pressure, , , a, b, and L are rate and state parameters, 

with L being the characteristic slip for state variable evolution, and  is the cut-off velocity of the order 
of 10-8 m/s. In these laws, the rate and state features result in small variations (of the order of 1-10%) 
from the baseline frictional strength given by . Despite being small, these variations are 
fundamentally important for physically and mathematically meaningful stability properties of frictional 
sliding (e.g., Rice, Lapusta, and Ranjith, 2001). In the steady state, (a − b) is the rate-and-state parameter 
that can be used to model both stable, velocity-strengthening (VS) fault segments (a − b > 0) and 
potentially seismic, velocity-weakening (VW) fault segments (a − b < 0). Equations (1) give several 
proposed forms for the state variable evolution; which of these laws does a better job of representing the 
range of available experimental results and serves as the best simplified representation of the state 
variable evolution for simulations of long-term slip is an active area of research (Kato and Tullis, 2001; 
Hori et al., 2004; Rubin and Ampuero, 2005; Bayart et al., 2006; Ampuero and Rubin, 2008; 
Bhattacharya et al., 2015). We have used all of these forms in our modeling, and the obtained results are 
qualitatively, and often quantitatively, similar. We will mostly use the aging form, since it incorporates 
the physically sound notion of friction increase in stationary contact, a feature required for the production 
of slip pulses (Perrin et al., 1995), and it is the easiest to properly resolve numerically. However, we will 
verify the robustness of the important results by using the other two forms of the state variable evolution. 
 The second emerging property of the earthquake source is additional substantial fault weakening at 
seismic slip rates. While theories of such dynamic weakening have a long history (Sibson, 1973), 
relatively recent laboratory confirmations of this phenomenon (Tsutsumi and Shimamoto, 1997; Tullis, 
2007 and references therein) have put this notion on the earthquake science map. We have incorporated 
shear heating dynamic weakening mechanisms, such as flash heating and thermal pressurization, into our 
simulations, including those of repeating earthquakes (Lui and Lapusta, 2017). Dynamic weakening of 
creeping regions allows them to sustain seismic slip (Noda and Lapusta, 2010, 2013; Jiang and Lapusta, 
2016, 2017). One shear-heating weakening mechanism with laboratory support is flash heating (e.g., 
Goldsby and Tullis, 2003, Beeler and Tullis, 2003, Rice, 2006, Beeler et al. 2008, Goldsby and Tullis, 
2011), in which tips of contacting fault gouge grains heat up and weaken. Such weakening can be 
activated even for very small slips of the order of 10-100 microns if the shear strain rate is high enough. 
Another relevant mechanism is pore fluid pressurization (e.g., Sibson, 1973; Andrews, 2002; Bizzarri and 
Cocco, 2006a,b; Rice, 2006; Noda et al., 2009), in which rapid shearing raises the temperature and hence 
pore fluid pressure, lowering the effective normal stress and hence frictional resistance. To include flash 
heating and/or pore pressurization into our models, we modify the rate and state formulation (1) to  

,                                  (2) 

where  is the characteristic slip velocity at which flash heating starts to operate,  is the residual 
friction coefficient, and pore pressure p could be evolving due to shear heating as discussed below. Based 
on laboratory experiments and flash heating theories,  is of the order of 0.1 m/s. Selecting much larger 

values of  than the seismic slip rates of the order of 1-10 m/s would effectively disable the additional 
weakening due to flash heating. The coupled temperature and pore pressure evolution is calculated by 
(Rice, 2006 and references therein, Noda et al., 2009, Noda and Lapusta, 2010): 

                                , ,                                                            (3) 

where y is the space coordinate normal to the fault, T is the temperature, αth and αhy are the thermal and 
hydraulic diffusivities, ω(y) is the heat generation rate the integral of which over the width w of the 
shearing layer equals to τfV = τV, ρc is the specific heat, Λ is pore pressure change per unit temperature 
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additional term in the equation for the pore pressure evolution.) The heat source, ω(y), is distributed in a 
narrow shear zone around the fault. The standard assumption is to take this term to represent the effect of 
uniform sliding in the fault zone of thickness w.  
 In our simulations, spontaneous long-term slip history of a fault governed by constitutive relations (1-
3) and embedded into an elastic half-space is determined using the 3D simulation methodology of 
Lapusta and Liu (2009) and Noda and Lapusta (2010) developed with prior NSF and USGS support. The 
methodology incorporates slow tectonic-type loading and all dynamic effects of self-driven dynamic 
rupture. The algorithm allows us to treat accurately long deformation histories and to calculate, for each 
earthquake episode, initially quasi-static accelerating slip (nucleation process), the following dynamic 
rupture break-out and propagation, postseismic response, and ongoing slippage throughout the loading 
period in creeping fault region.  
 
2.  Modeling the variability of repeating earthquake sequences on rate-and-state interfaces: realistic 
shapes of source patches vs. properties of the creeping region 
 
The creeping section next to Parkfield contains a number of repeating earthquakes sequences, which are 
events with highly correlated seismograms that translate into similar moment magnitudes and nearly 
identical locations. Small repeating earthquakes occur on a number of other faults and their observations 
have been used to study various aspects of earthquake physics and mechanics (e.g., Ellsworth and Dietz, 
1990; Vidale et al., 1994; Marone et al., 1995; Nadeau and Johnson, 1998; Schaff et al., 1998; Nadeau 
and McEvilly, 1999, 2004; Bürgmann et al., 2000; Beeler et al., 2001; Sammis and Rice, 2001; Igarashi et 
al., 2003; Imanishi et al., 2004; Nadeau et al., 2004; Schaff and Beroza, 2004; Matsubara et al., 2005; 
Allmann and Shearer, 2007; Chen et al., 2007; Rubinstein et al., 2012).  
 Many properties of these sequences have been successfully modeled as repeating ruptures of circular 
VW patches embedded into a VS region (e.g., Chen and Lapusta, 2009; Lui and Lapusta, 2018). One of 
the most interesting observations about the repeaters is their scaling  (Nadeau and Johnson, 
1998) between the recurrence time T and seismic moment M0, which is significantly different from 

, the scaling that results in a simple conceptual model in which seismic events release all 
accumulated slip deficit VLT (where VL is the long-term creeping velocity of the segment) and have stress 
drop independent of the seismic moment. Moreover, the recurrence time for the smallest repeaters is 
significantly longer than expected for moderate stress drops of 10 MPa, translating into stress drops of 3-4 
GPa (3000-4000 MPa) for the simple model mentioned above (Nadeau and Johnson, 1998). Our models 
reproduce the observed scaling due to significant aseismic slip at the location of seismic events, with the 
fraction of aseismic slip being larger for smaller events. This makes sense based on stability studies of 
VW faults (Rice and Ruina, 1983; Rice et al., 2001; Rubin and Ampuero, 2005), since small enough VW 
patches would be below the nucleation size and hence completely aseismic. Our models confirm the idea 
of Beeler et al. (2001) that the observed scaling may be due to the presence of aseismic slip. 
 Our detailed modeling has been focused on the LA and SF repeaters, the main targets of the SAFOD 
experiment (Figure 1; Lui and Lapusta, 2016, 2018; Sudhir and Lapusta, 2020). These repeaters are 
characterized by two more interesting observations. The first one is their interaction before 2004 Parkfield 
event, with the LA events occurring within 24 hours of the SF events. The second is their relatively large 
stress drops, of 25-60 MPa on average, with local stress changes potentially as large as 90 MPa 
(Abercrombie, 1995, 2014; Nadeau and Johnson, 1998; Sammis et al., 1999; Dreger et al., 2007). We 
have shown that two types of models reproduce the observations of relatively large stress drops. In one 
type of models, the large stress drops are achieved by enhanced dynamic weakening due to thermal 
pressurization of pore fluids; with the narrowest shear zones and smallest hydraulic diffusivities cited in 
Rice (2006), the thermal pressurization is significant even for the Mw 2 events considered here. In the 
other model, a much elevated value of normal stress is assumed at the location of the repeaters (e.g., due 
to a flattened “bump” on the slipping surface). Both models can approximately reproduce relatively large 
average stress drops of ~30 MPa with local changes up to 80 MPa, along with the average moment and 
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recurrence time, as well as the qualitative aspects of interaction between two sequences, with LA events 
occurring tens of seconds to hours after the SF ones.  The interaction occurs mainly due to the effect of 
postseismic slip between the two patches (Lui and Lapusta, 2016, 2018). In our work under this project, 
we used the second type of models to represent the repeaters. 
 Observations show that even these repeating events are not identical, with significant differences in 
seismic moment and recurrence time; furthermore, the repeating events are neither time-predictable nor 
slip-predictable (Rubinstein et al, 2012; Figure 1), which basically means, counter intuitively, that smaller 
recurrence intervals often follow larger events and that smaller events often follow large recurrence 
intervals. The time progression of moment magnitudes of the LA-SF repeater sequence indicates 
significant variability within the sequences (Figure 1a). The LA events occurred shortly after the SF 
events, pointing to strong interaction between the two sequences, with inter-event times spanning from 
few seconds to months. It would be important to understand how much this interaction between the two 
repeater sources affects their variability of occurrence. The triggering times of the LA events by the SF 
events (Figure 1b) span a wide range, from a significant (0.25) to a tiny (10-6) fraction of the recurrence 
interval. The time- and slip-predictability plots for the LA-SF repeating sequences (Figure 1c) further 
visualize their variability. Some of this variability can be explained by complex slip dynamics in our 
models (Lui and Lapusta, 2018) even for relatively simple distributions of friction properties, such as 
circular VW areas. In part, aseismic slip that occurs between seismic events can release different amounts 
of fault stress, complicating the repeating sequence.  

Here, we focus on reproducing the observed level of variability and how fault heterogeneity is 
reflected in the variability (Sudhir and Lapusta, manuscript in preparation).  The presence of many 
repeating sequences in the creeping segment suggests that the friction properties in the area may be 
heterogeneous in general. As a first step, we consider the effect of the source patch shape, moving from 
the circular shape to realistic, fractal-based shapes. We consider property distributions motivated by 
truncated fractal distributions used to characterize the spatial complexity of inferred earthquake slip and 
fault nonplanarity (e.g., Mai and Beroza, 2002, Brodsky et al., 2011). Such two-dimensional distributions 
can be characterized by their power spectral density, P(k) ∝ 1/𝑘!(!!!), where k is a dimensionless wave 
number and H is the Hurst exponent. H controls the decay of the PSD at high frequencies, and it is taken 
to be unity (self-similar distribution) in this study. The PSD decays with a power law beyond a corner 
wave number, 𝑘!   ,  which is related to the characteristic source dimension (Figure 2).  𝑘!   and H are the 
two parameters that characterize the field. For a given set of parameters, we can generate infinitely many 
realizations of the random distributions, by convolving with differently seeded random matrices. 
Amongst these, we choose the realization shown in Figure 2b as a starting point, due to the serendipitous 
existence of two dominant high-intensity patches, which could translate into the two repeater sources, 
when converted into frictional property distributions. We translate the random field values into a pattern 
of VW and VS friction properties (Figure 2a). The slip velocity snapshots from the representative model 
(Figure 2a) show a typical triggering sequence between the two repeaters (Figure 3).  In part, the scaling 
behavior of the repeater sequences observed at Parkfield is reproduced (Figure 4).  The double-patch 
models used to study the effect of patch shape and perturbing patches and the naming convention they 
follow are shown in Figure 5.  

We find that models with fractal shapes of VW patches produce repeating sequences with more 
variability than the models with circular patches (Figure 6-7), resulting in variability of triggering times 
comparable to that of the SF-LA sequences. We can further increase the variability of the slip patterns by 
adding perturbing sub-critical patches which arise naturally from the underlying fractal distribution (F1p-
D; Figure 5).  

We also find that the variability in models with simple, circular patches depends on the properties of 
the surrounding VS region, with smaller values of velocity-strengthening leading to more variable 
behavior that is also comparable to that of the SF-LA sequences (Figure 8).  

The two findings combined suggest that there could be many model setups that reproduce the 
observed variability in moments, recurrence times, and triggering times, as one combines the complexity 
of the shape of the patches and the value of the VS of the surrounding medium. Hence the variability and 
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the range of triggering times cannot be used to individually constrain the VS properties or the shape of the 
VW patches, as we hoped.  Note that other fault properties could be heterogeneous as well, such as the 
normal stress, the values of VW within the VW region etc.  One potential way forward is to develop a 
suite of models with different types of heterogeneity that can all reproduce the available observations and 
then study whether there are other observables that would be different between the possible models. 

We have used the developed heterogeneous models with the fractal shapes of the VW regions to 
study the effect of small-scale heterogeneity. To create models smoother at smaller scales, we cut the 
power spectral density of the underlying fractal distribution above a wavenumber threshold, k!"#!!""  , 
resulting in the removal of frequencies higher than that threshold and the distribution being smoother at 
smaller scales (Figure 9). The resulting slip behavior is different for all models (Figure 10), but it starts to 
be qualitatively different, for example in terms of the resulting range of the triggering times, only for 
sufficiently smooth models. The triggering times for log!" k!"#!!"" =   0.95 to log!" k!"#!!"" = −
0.56  show realistic triggering time ranges. For log!" k!"#!!"" = − 0.73  and lower wavenumber 
thresholds, however, with most of the fractal features smoothed on scales comparable to ℎ∗, the short 
triggering times (1-100 s) vanish, diverging from observations. Our hypothesis is that heterogeneity on 
the scales small compared to the governing length scales, which is the nucleation size ℎ∗ for this specific 
problem, are not be important for the qualitative features of the response, something that we plan to 
investigate further. 
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Figure 1: Variability of the SF and LA repeating sequences.  (a) Time progression of moment magnitudes 
before the 2004 M6 Parkfield earthquake. The LA events (blue bars) consistently happen soon after the 
SF events (red bars), indicating a strong interaction between the two sequences, with inter-event times 
spanning from seconds to months. (From updated catalog, Waldhauser, 2008.) (b) Triggering times for 
the 7 SF-LA event pairs before 2004, plotted on a log-scale normalized with respect to the mean 
recurrence time of SF sequence. (c) Seismic moment vs. the following recurrence time interval (left) and 
recurrence time interval vs. the seismic moment of the following event (right), which test time 
predictability and slip predictability, respectively, for the 6 recurrence periods of SF and LA sequences. 
The axes are normalized with respect to the mean quantities. The red and blue rectangles illustrate the 
variability of SF and LA events, respectively. 
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 Figure 2: (a) Representative fault domain used in the simulations, normalized by the estimate of the 
nucleation size for the VW region (yellow), ℎ∗. The region containing a distribution of VW and VS 
properties is surrounded by a VS region (blue), around which steady slip at  𝑉!"#$   is applied (green) to 
simulate the steady creep of the larger surrounding region. (b) (Left) One realization of a random fractal 
field with two dominant areas that can serve as the source patches for the SF and LA sequences. (Right) 
Power spectral density of the fractal field, plotted in log scale. The dashed blue line indicates the corner 
wave number, log!" k! = −0.86, beyond which the spectrum shows power-law decay. 
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Figure 3: Slip velocity snapshots from the representative model that show the interaction between the 
two dominant patches. (a-b) An event nucleates in the (bigger) left patch. (c-d) The post-seismic slip front 
triggers the right patch and an event is nucleated there 1.3 hours later. (e-h) The perturbing patches and 
the smaller right patch host aseismic transients in the ensuing interseismic period, changing the prestress 
conditions before the following seismic events and hence contributing to the variability of slip. (i-j) 
Another event nucleates in the left patch. (k-l) The post-seismic slip front triggers the right patch, albeit 
with a shorter triggering time of about 7 minutes and nucleation at a different location, resulting in 
variable triggering times. 
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 Figure 4: The modeling reproduces the observed scaling between the average recurrence time 𝑇!"#   and 
average seismic moment 𝑀! for the repeating events in our single patch circular models (circular 
markers), single patch fractal models (diamond markers), and two-patch fractal models (star markers). 
Results match qualitatively with the 𝑇!"# −𝑀! observed at Parkfield (black line), approximated the 
expression by  𝑇!"# ≈ 7  ×10! (Chen and Lapusta, 2009). The theoretical 𝑇!"# −𝑀! relation for a model 
with only seismic slip at the repeater locations and constant stress drops of 20 MPa is shown by the red 
line for comparison. The difference in the scaling exponent and the absolute values of the recurrence 
times between the theoretical model and our simulations is due to the presence of significant aseismic slip 
at the source locations (Chen and Lapusta, 2009; Lui and Lapusta, 2016), the fraction of which increases 
for smaller events, a factor not accounted for in the theoretical expression.   
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Figure 5: Fault models for the double patch simulations, C1n-D, C1p-D, F1n-D, F1p-D, where “D” 
stands for “double patches” and the color indicates the values of the velocity strengthening in the region 
surrounding the VW patches. The source patches can be circular (C) or fractal (F), with the following 
number (1, 2, or 3) corresponding to the VS value of 𝑎 − 𝑏 !" = 0.01, 0.004, 0.002, respectively. “p” or 
“n” indicate that the other, smaller fractal VW patches are present or not. Our base model is F1p-D (panel 
d). To obtain model F1n-D (panel c), we take the F1p-D model, use image processing tools to identify the 
two largest patches, and remove the rest of the VW features. For comparison, we have a model with 
equivalent circular patches, C1n-D (panel a) which produces similar-sized events as the fractal patch 
models. The perturbing patches in the background of F1p-D are superposed on C1n-D to obtain C1p-D 
(panel b). 
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Figure 6:  Slip-time predictability plots of the double patch models. The data points in the case of circular 
patch model (C1n-D) are clustered, whereas the addition of sub-critical perturbing patches is seen to 
increase the spread of data points (C1p-D). The change in source shape (F1n-D) significantly increases 
the scatter, which is further enhanced by addition of perturbing patches (F1p-D). The red and blue 
rectangle bounding the time- and slip-predictability data points of the SF-LA event pairs are superposed 
for comparison to models. 
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Figure 7: Triggering time distribution for double patch models. In the case of circular patch model (C1n-
D), the shorter triggering times are absent, and the addition of sub-critical perturbing patches (C1p-D) is 
seen to slightly increase the range of data points, though still not to the extent of realistic behavior. The 
fractal source shape (F1n-D) gives rise to short triggering times, which persist with addition of perturbing 
patches (F1p-D). 
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Figure 8: Slip-predictability plots and triggering time plots for models C1n-D, C2n-D, C3n-D with 
varying properties of the VS region. The spread of the seismic moment is seen to increase with the 
reduction in the strengthening of the VS medium in the slip-predictability plots, while the spread in 
recurrence times remains similar. The shorter triggering times are also introduced in the system by 
reducing the strengthening of the VS medium. 
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Figure 9: Smoothing of the patch shapes by eliminating high frequency contributions, above a cut-off 
wavenumber, k!"#!!""  . The fractal features gradually disappear, and the separate patches coalesce to form 
a single area. At = −0.85, just above corner wave number k!  (Figure 2b),  the patch shapes become 
much simpler.  
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Figure 10: Triggering times in the models subjected to smoothing of fractal features. The short triggering 
times (1-100 s) vanish for smooth enough distributions, with the smoothest model having the response 
comparable to the model with circular patches. 
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3.  Potential seismic rupture of the creeping segment 
 
Our modeling related to the areas of Mw 7.6 1999 Chi-Chi earthquake and Mw 9.0 2011 Tohoku 
earthquake revealed that earthquake rupture may break through large portions of creeping segments, due 
to co-seismic thermal pressurization of pore fluids discussed in section 1 (Noda and Lapusta, 2013; Cubas 
et al., 2015). Allowing for such fault behavior results in a model that can explain, based on the same fault 
physics, a range of long-term and co-seismic observations about the area of the Tohoku earthquake, 
including more high-frequency radiation from areas of lower slip; the largest seismic slip in Tohoku 
earthquake occurring in a potentially creeping segment; the overall pattern of previous events in the area, 
including previous smaller events occurring below the area of the largest slip, and the complexity of 
Tohoku rupture, with propagation away from the trench first, then towards the trench, then away from the 
trench again (Noda and Lapusta, 2013; Cubas et al., 2015 and references therein). 
 Using prior USGS support, we successfully applied this paradigm to exploring the possibility of 
deeper slip in large earthquakes on the SAF (Jiang and Lapusta, 2016, 2017), suggesting that the 
segments with absence of concentrated microseismicity at the bottom of the traditionally defined 
seismogenic zone likely experienced such deeper penetration in the past. It is typically assumed that all 
seismic slip is confined within the seismogenic zone - often defined by the extent of the background 
seismicity or geodetically determined locking depth - with regions below creeping or deforming 
inelastically. Fault models based on standard rate-and-state laws support such assumptions, interpreting 
the locked zones as areas of VW properties that allow for earthquake nucleation, and the deeper creeping 
fault extensions as areas of VS properties that inhibit earthquake slip. However, enhanced co-seismic 
weakening of fault friction could be active not only in the VW part of the fault but also in the deeper VS 
fault extensions. As earthquake rupture penetrates into the creeping fault areas, it significantly increases 
slip rates there, potentially activating the co-seismic weakening and turning the stable fault areas into 
seismogenic ones. Observational studies have suggested that earthquake rupture could penetrate into the 
deeper creeping regions (Shaw and Wesnousky, 2008), and yet deep slip is difficult to detect due to 
limited resolution of source inversions with depth. Our simulations (Jiang and Lapusta, 2016, 2017) show 
that earthquakes indeed can penetrate into the deeper creeping fault extension, enabled by thermal 
pressurization at high slip rates for realistic fault properties. Depending on how deep coseismic slip 
reaches, the microseismicity at depth could be eliminated for most or all of the interseismic period (Figure 
6) due to the stress concentration front being located below the low-rate VW zone that can nucleate small 
events. Our model predictions are consistent with the available seismic and geodetic observations of the 
Carrizo and Coachella segments on the San Andreas fault, where the depth of microseismicity is 
shallower than the geodetically estimated locking depth (Jiang and Lapusta, 2016).  
 The possibility that creeping segments - currently perceived as barriers – may generate large seismic 
slip and hence significantly enlarge the size of the expected event, as may have occurred in the Mw 9.0 
2011 Tohoku earthquake, requires re-evaluation of seismic hazard in many areas, including California. 
 Under this award, we applied the developed fault models to explore the penetration of dynamic rupture 
into the creeping segment northwest of Parkfield due to shear-heating-induced thermal pressurization 
(TP) of pore fluids. We started by considering interaction with the creeping segments of the typical 
Parkfield earthquakes of Mw 6.0 for which we have developed a physical model that satisfies a range of 
available observations (Barbot et al., 2012); our constraint is that such events should arrest shortly after 
entering the creeping segment, as observed for the 2004 Mw event.  We then considered the effect of 
incoming events with much larger slip that originate further southeast in the Carrizo segment and 
propagate into the Parkfield segment, and then into the creeping segment. Realistic modelling of this kind 
would require representing the nature of the connection between the Carrizo and Parkfield segments, 
which is not fully known and may be quite complex (e.g., Simpson et al., 2006). To examine the first-
order effect of the size of the incoming rupture, we simply assumed a larger VW region to the right of the 
creeping region, generating events with larger slip. From equation (3), the efficiency of TP is in part 
controlled by the heat input τV, which in turn depends on the temporal and spatial dynamics of the 
incoming rupture and the properties of the creeping segment with which the rupture interacts; that is how 
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the size of the incoming rupture matters.  Our study assumed that the dynamic slip entering the velocity-
strengthening region is confined to one actively shearing zone; more complex scenarios can be considered 
in the future. 
 As the rapid slip penetrates into the creeping region due to inertial effects, the velocity-strengthening 
properties of the region make the shear stress τ increase, creating a competition between (a) larger 
dissipated energy and negative stress drop that may arrest the rupture and (b) the increased shear heating 
that can potentially activate TP given enough slip, creating dynamic weakening that may allow the 
rupture to carry on. The (evolving) value of slip rate V is also very important, as the shear heating has to 
be rapid enough to overcome the effects of the off-fault heat diffusion governed by thermal diffusivity αhy. 
The highly nonlinear and coupled processes that govern the resulting evolution of slip can, at present, be 
only studied numerically, although we hope that our numerical experiments will lead to insights that will 
enable the simplified theoretical understanding of the phenomena.  From the fault properties entering 
equation (3), ρc, Λ, and αth are relatively well constrained (e.g., Rice, 2006; Noda and Lapusta, 2010, 
2016) and, in our work, we use properties from past studies broadly representative of crustal faults.  At 
the same time, the width w of the actively shearing zone which determines the shear heating rate ω(y) and 
the hydraulic diffusivity αhy which determines whether the fluid can be trapped in the shear zone can vary 
by several orders of magnitude.  We examined the values of w from the smallest proposed for an actively 
shearing zone, 0.1 mm (Rice, 2006), up to 10 mm. For the hydraulic diffusivity, we examined the values 
spanning from 10-5 m2/s for well-healed dense rocks under significant compression (e.g., Rice, 2006; 
Noda and Lapusta, 2013 and references therein) to much larger values of 10-3 m2/s for highly dynamically 
damaged and/or porous rocks under low compression.  
 We find that there is a range of dynamic weakening parameters for which Mw 6 events arrest in the 
creeping section, but larger, Mw 7.2 style events are able to propagate into the creeping section (Figures 
11-12; Stephenson and Lapusta, manuscript in preparation). Of particular interest are the intermediate 
combinations of dynamic weakening parameters that do not allow Mw 6 events to propagate, but do allow 
Mw 7.2 events to rupture the entire creeping section, for example w =10 mm and αhy = 10-4 mm2/s (Fig. 
11). Ruptures such as these could allow for the linking of the northern and southern parts of the San 
Andreas, allowing for much larger earthquakes. The identified sets of properties will serve as starting 
points for more sophisticated future studies in 3D models. We also plan to further develop our models to 
include the evolution in the shear zone width due to localization during rapid slip and evolution in the 
permeability due to co-seismic damage and interseismic healing, based on recent theoretical and 
experimental studies. 
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Figure 11. Simulations showing the effect of dynamic weakening on the penetration of Mw 7.2 style events 
into the creeping section. Blue lines indicate aseismic slip at two-year intervals. Red lines show seismic slip 
every 0.5 seconds. The 90-km-long creeping section is on the left-hand side of both figures. The green dashed 
lines indicate the boundary between the VS properties at low slip speeds on the left and the VW region to the 
right. (a) Less efficient dynamic weakening (w = 10 mm, αhy = 10-3 mm2/s) causes the left-going dynamic 
rupture event to rapidly die out after hitting the creeping section, limiting the event to approximately Mw 7.2. 
(b) With more efficient dynamic weakening (w = 10 mm, αhy = 10-4 mm2/s), a similar event ruptures through 
the entire 90 km creeping section in this model, creating a much larger earthquake. Note that Mw 6 style 
events rapidly arrest in the creeping section for both cases of dynamic weakening.   
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Figure 12. The fraction of the creeping section penetrated by Mw 7.2 style events for varying amounts of 
dynamic weakening, with its efficiency controlled by the hydraulic diffusivity and the fault zone width. 
On the bottom left, the three combinations of parameters marked with red crosses are ruled out as Mw 6 
style events would also significantly penetrate into the creeping section with these properties, which is 
inconsistent with observations. The light orange triangle highlights parameters for which Mw 6 style 
events arrest almost at the boundary between the VW and VS segments, but Mw 7.2 events penetrate 
partially or completely through the creeping section.  
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Project data: Describe how the data will be made publicly available 
 
This project produced numerical data from simulations that was analyzed and processed into tables, 
figures, and movies, which are being included in manuscripts that we are preparing for publication (please 
see the list below). To make the produced data publicly available and maximize potential for reuse, we 
will store the data products obtained under this project in the Caltech Collection of Open Digital Archives 
(CODA) which gives all records and datasets permanent URLs and Digital Object Identifiers (DOIs). 
Caltech CODA is indexed by all major Internet search engines. We will also provide and store on CODA 
the additional documentation to make the data understandable and usable by others (e.g., README files), 
MATLAB and Python scripts to open and process the data.  CODA is a secure institutional repository that 
conforms to international standards. The investigations and analyses based on the data will be published 
in the peer-reviewed literature, with the CODA URLs and DOIs for the data included in the publications.   
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